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Functional toxicityPolyamidoamine (PAMAM) dendrimers are highly charged hyperbranched protein-like polymers that are
known to interact with cell membranes. In order to disclose the mechanisms of dendrimer–membrane interac-
tion,wemonitored the effect of PAMAMgeneration ﬁve (G5) dendrimer on themembrane permeability of living
neuronal cells followed by exploring the underlying structural changes with infrared-visible sum frequency
vibrational spectroscopy (SVFS), small angle X-ray scattering (SAXS) and transmission electron microscopy
(TEM). G5 dendrimers were demonstrated to irreversibly increase the membrane permeability of neurons that
could be blocked in low-[Na+], but not in low-[Ca2+] media suggesting the formation of speciﬁc Na+ permeable
channels. SFVS measurements on silica supported DPPG–DPPC bilayers suggested G5-speciﬁc trans-polarization
of themembrane. SAXSdata and freeze-fracture TEM imaging of self-organizedDPPCvesicle systemsdemonstrated
disruption of DPPC vesicle layers by G5 through polar interactions between G5 terminal amino groups and the
anionic head groups of DPPC. We propose a nanoscale mechanism by which G5 incorporates into the membrane
through multiple polar interactions that disrupt proximate membrane bilayer and shape a unique hydrophilic
Na+ ion permeable channel around the dendrimer. In addition, we tested whether these artiﬁcial Na+ channels
can be exploited as antibiotic tools. We showed that G5 quickly arrest the growth of resistant bacterial strains
below10 μg/ml concentration,while they showno detrimental effect on red blood cell viability, offering the chance
for the development of new generation anti-resistant antibiotics.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Polyamidoamine (PAMAM) dendrimers are nanosized, hyper-
branched polymers, widely studied for biomedical applications as
nanocarriers in many areas including brain-targeted drug delivery and
gene therapy [1,2]. Several lines of experimental and in silico evidence
suggested direct interaction of dendrimers and model membranes,
although the molecular mechanisms remained elusive [3–6]. Solid-
state NMR [7] and atomic force microscopy [3,8] data as well as
coarse-grained molecular dynamics simulation [6] indicated that
NH2 functionalized PAMAM generation 5 (G5-NH2) dendrimer mayXS, small angle X-ray scattering;
S, infrared-visible sum frequency
cero-3-phosphocholine; DPPG,
l); MIC, minimum inhibitory
rmacology, Research Centre of
udapest, Hungary. Tel.: +36 1
rights reserved.incorporate intomodel membrane and participate in pore formation.
NMR data also showed atomic-resolution details about the dendrimer–
lipid interactions indicating that the lipid tails were rigidiﬁed by the
presence of G5-NH2 in the hydrophobic core of the lipid bilayer [7,9].
Suggested models accounting for membrane disruption considered hy-
drophobic interaction driven insertion of acyl chains into theG5 interior
[7]. In addition to structural studies, cytotoxic effects of G5-NH2 but not
COOH functionalized PAMAM generation 4.5 (G4.5) dendrimer have
been reported [3,6,10]. Moreover, it was shown that G5-NH2 causes per-
sistent depolarization of neuronal membrane resulting in cell death in
brain tissue [11]. Better understanding of the mechanisms underlying
interactions of cationic and anionic dendrimers with the membrane of
living cells is necessary for the development and safety control of
dendrimer-based biomedical applications.
This study focuses on the characterization of dendrimer-related
ion transport processes in native plasmamembrane of living cells.
We also address the nanoscale mechanism by which the characteristic
cationic nanoparticle G5-NH2 can be incorporated into the membrane.
Our results are arranged as follows: i) whole-cell measurements on
membrane resistance, capacitance and currents in brain tissue in
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brane integrity; ii) small angle X-ray scattering (SAXS), freeze-fracture
transmission electron microscopy (TEM) and infrared-visible sum
frequency vibrational spectroscopy (SFVS)measurements for deeper
understanding of the membrane–dendrimer interactions and iii)
measurements of Escherichia coli and red blood cell viability in the
presence of G5-NH2 to elucidate its potential as an antibiotic.
2. Materials and methods
2.1. Whole cell patch-clamp recordings
Animal experiments were carried out in accordance with the
European Communities Council Directive of 24 November 1986
(86/609/EEC) on acute hippocampal slices of male Wistar rats
(Toxicoop, Budapest, Hungary) as described elsewhere [11]. Slices were
submerged and perfused at 2 ml/min by artiﬁcial cerebrospinal ﬂuid
(ACSF). G5-NH2 and G4.5-COONa were purchased from Dendritech Inc.
(Midland, MI, USA) and were applied with (G4.5-COONa) or without
(G5-NH2) further puriﬁcation [11] in 0.1 mg/ml in ACSF (G5-NH2:
0.037 mM, G4.5-COONa: 0.038 mM).
2.2. X-ray scattering (SAXS)
Small-angle X-ray scattering (SAXS) measurements were carried out
at the SAXS beamline B1 at the Hamburger Synchrotronstrahlungslabor
(HASYLAB, DESY, Germany). Measurements were made at two different
sample-to-detector distances (935 and 3635 mm) to cover a broader
range of the scattering variable (q = 4πsin(θ)/λ where θ is the half
of the scattering angle and λ is the photon wavelength, using
9.6 keV photons). The standard data reduction procedure available at
the beamline was applied to the two-dimensional scattering patterns.
Corrections for angle-dependent absorption, detector ﬂatness and the
effects of the optical path were carried out. Intensities were calibrated
onto absolute scale.
2.3. Freeze-fracture transmission electron microscopy (TEM) measurements
The gold sample holders used in freeze fracture were preincubated
at 24 °C. Approximately 1–2 μl of the sample was pipetted onto a gold
sample holder and frozen by plunging it immediately into partially
solidiﬁed Freon for 20 seconds and stored in liquid nitrogen. Fracturing
was performed at−100 °C in a Balzers freeze-fracture device (Balzers
BAF 400D, Balzers, Vaduz, Liechtenstein). The replicas of the fractured
faces etched at −100 °C were made by platinum-carbon shadowing
then cleaned with a water solution of surfactant and washed with
distilled water. The replicas were placed on 200 mesh copper grids
and examined in a MORGANI 268D (FEI, Eindhoven, Netherlands)
transmission electron microscope.
2.4. Infrared-visible sum frequency vibrational spectroscopy (SFVS)
measurements
1,2-Dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium
salt) (DPPG) and alkyl chain deuterated 1,2-dipalmitoyl(d62)-sn-
glycero-3-phosphocholine (DPPC-d62) were obtained from Avanti Polar
Lipids (Alabaster, AL, USA). Supported lipid bilayers were prepared on a
fused silica prism by the Langmuir–Blodgett/Langmuir–Schaefer method
(LB/LS). The monolayers were transferred at 30 mN/m surface pressure.
During the LS step, after contact with the monolayer the prism wasFig. 1. Pore formation by 100 μg/ml G5-NH2 dendrimer reorganizesmembrane structure. a, Ch
neurons as measured by patch clamp techniques. Membrane resistance in the presence of G5-NH
control, p = 0.0260 (n = 5, Mann–Whitney test). b, Small angle X-ray scattering pattern of th
surface morphology of the DPPC/water system showing multilamellar structure (left) and o
200 nm. d, Comparison of sum-frequency ssp vibrational spectra of silica supported proximal (l
Symbols are measured data, solid lines are guides to the eye. The spectra are vertically displacedpushed through the monolayer and placed on a Teﬂon chamber (125 μl
volume) so that the bilayer sample was not exposed to air during the
experiments. SFVS ssp spectra were measured using an EKSPLA (Vilnius,
Lithuania) spectrometer as previously described [12]. By using a prism
the spectra are measured in an almost total internal reﬂection geometry
[13]. First SFVS spectra of the freshly prepared bilayer were measured,
then ~500 μl 0.1 mg/ml dendrimer solution was injected into the
chamber and SFVS spectra of the bilayer contacting the dendrimer solu-
tion were collected. Spectra were ﬁt to the usual expression [14].
2.5. Measurement of E. coli viability
To test the antibiotic activity of G5-NH2 E. coli MG1655 was used.
Bacteria were initially grown overnight in 5 ml LB (Luria) broth (1%
tryptone, 0.5% yeast extract, 1% NaCl, pH = 7.0) and diluted into
fresh LB medium to give an OD600 of ~0.2. After incubation with
dendrimer at 37 °C, 250 rpm for 0.5 hours, OD600 was measured.
The antibacterial activity of PAMAM G5-NH2 was additionally tested
on agarose surface in Petri dish. Antibacterial activity of PAMAM
G5-NH2 was assayed at concentrations of 1 μg/ml, 10 μg/ml and
100 μg/ml by application of 2 μl dendrimer solution to the top of the
agarose surface. Plates were incubated at 37 °C for 16 hours.
2.6. Measurement of red blood cell viability
The hemolytic activity of G5-NH2 was investigated according to
Parnham and Wetzig [15]. Blood of adult Wistar rats was collected.
Red blood cells were separated from the plasma and leucocytes by cen-
trifugation (2500 g, 5 min), washed three times with phosphate-
buffered saline than were suspended in solutions containing 10 or
100 μg/ml G5-NH2 dendrimer and incubated for 30 min at 30 °C. The
red blood cell suspensions were centrifuged twice (2500 g, 10 min)
and the percentage of hemolysis was determined from the supernatants,
measured by absorption at 540 nm. For reference (100% hemolysis), red
blood cells were treated with distilled water.
2.7. Molecular mechanic (MM) calculations
The G5-NH2 dendrimer model was downloaded from the Supple-
mentary Material of Maiti et al., 2004 [16] and the four nearest
amidoamine units were cut from one of the outer leaﬂets of its shell re-
gion (Fig. S1). For interacting lipid units, a DPPC membrane model was
used. Tomodel polar rearrangement ofmembrane lipids induced by the
model G5-NH2 dendrimer template a constrained energyminimization
was performed using these components.
3. Results and discussion
3.1. PAMAM G5 dendrimer reorganizes cell membrane structure
We have studied the membrane resistance and capacitance in
neuronal cells in the presence of the cationic G5-NH2 and anionic
carboxy-functionalized G4.5-COONa at pH 7.4, 30 °C using whole cell
patch-clamp techniques (see Materials and methods). Excitable mem-
branes are particularly appropriate to study nanoparticle-membrane
interactions as methods, like the patch-clamp techniques, developed
for monitoring physiological activity can sensitively detect very small
perturbations in membrane function. In contrast to G4.5-COONa, the
cationic G5-NH2 (100 μg/ml) signiﬁcantly and irreversibly decreased
the electrical resistance of the membrane after 10–20 min applicationanges inmembrane resistance (left) and capacitance (right) of rat hippocampal pyramidal
2 after 10–20 min application: 52 ± 16% of control, p = 0.0223; in washout: 50 ± 14% of
e DPPC/water system (left) and the DPPC+G5-NH2/water system (right). c, Characteristic
f the DPPC+G5-NH2/water system showing cubic structure (right) at 25 °C. Scale bar:
eft) and distal (right) leaﬂets in the absence (control) and presence of G5-NH2 dendrimer.
for clarity.
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suggesting the formation of ion-permeable pores. Themembrane resis-
tance during washout was found to be not signiﬁcantly different from
the value obtained during G5 application (p = 0.6481). Neither
G5-NH2 nor G4.5-COONa altered the membrane capacitance, showing
that the changes in membrane resistance were not due to impaired
contact between the cell and the recording electrode.
To explore whether membrane structure is perturbed by the inser-
tion of G5-NH2 we applied small-angle X-ray scattering (SAXS) and
freeze-fracture transmission electron microscopy (TEM)measurements.
We used DPPC vesicles as model systems of membrane-bilayers [17,18].
Although this model membrane does not contain cholesterol and
charged lipids, we have chosen this simpliﬁed model system because
the phosphocholine headgroup is a common constituent in mammalian
lipids [19] and it enabled us to focus on the dendrimer–lipid interactions
without introducing further complications resulting from the lipid–lipid
interfaces. Additional studies are needed to investigate the effect of
dendrimers on more complex, heterogeneous and charged bilayers.
Depending on temperature three different and biologically relevant
multilamellar structures exist in the fully-hydrated DPPC vesicles
which are the gel (Lβ’), the rippled-gel (Pβ’) and the liquid crystalline
(Lα) phases, with 6.4, 7.05 and 6.7 nm characteristic periodicities,
respectively. The presence of G5-NH2 causes drastic changes in the char-
acteristic layer structure of DPPC–water system in its representative gel
(rigid state) and liquid crystalline (ﬂuid state) phases (Fig. 1b).Measuring
at 25 °C, the temperature domain of the gel phase (Lβ’), a non-lamellar
formation appears in the presence of G5, although a characteristic layered
structurewith a periodicity of 6.4 nmcan also be observed (Fig. 1b, right).
The positions of Bragg reﬂections in the SAXS pattern of the non-lamellar
formation in the presence of G5-NH2 do not follow the characteristic term
of the periodical stacks of lamellae (n/d, where n is an integer, d is the
periodicity), instead the 1, √4, √8, √12 displacement ratios indicate the
presence of an unusual cubic phase with a uniform lattice parameter of
13.1 nm (Fig. 1b, right). Surprisingly, in the temperature domain of the
ﬂuid state (46 °C) a strictly ordered multilamellar structure exists in the
presence of G5 with a particularly large period, approximately 13 nm
(Fig. 3b) instead of the 6.7 nm periodicity of the liquid crystalline state
(Fig. 1b, left). The Bragg reﬂections of the lamellae (0.94, 1.89, 2.82 and
3.76 1/nm) are well expressed, even the fourth order is observable.
Presumably the loosely packed lipid double layers (width: ~4 nm)
cover the dendrimers (diameter: ~5 nm), forming nearly spherical grains
that are arranged in a cubic lattice. The cubic lattice formed in the
presence of G5-NH2 was directly observed in TEM images as aggregates
of grains (Fig. 1c, right) in contrast to themorphology of the unperturbed
DPPC–water system (Fig. 1c, left). The characteristic sizes of the structural
units are between12 and 14 nm, in agreementwith the SAXS data, and in
accordance with previous atomic force microscopy data [20]. We con-
clude that the difference in structural changes shows the versatility of
the structural formations and also the structural sensitivity of the lipid
layers to dendrimer-induced reorganization. These data on DPPC–water
model system demonstrates that G5-NH2 can be embedded into the
membranes where it induces irregular layer structure via self-assembly,
guided by the chemical characters of the local membrane constituents.
The disruption of lipid bilayers by PAMAM having greater sizes and
other functional groups was also observed in DMPC vesicles using AFM
method [21]. Thisﬁnding is in accordancewith our result as the formation
of cubic structure, even in its local appearance, is a sign of the damage of
the layer structure. Noteworthy, the interaction between the dendrimers
(G7) andDMPCwas not revealed by AFM [19]. In othermodelmembrane
system (also lecithine: POPC), however, the penetration of dendrimers
(G2, G4, G6)was showedby ellipsometry, neutron reﬂectometry andmo-
lecular dynamic calculations [22].
To further characterize the dendrimer–membrane interactions we
applied infrared-visible sum frequency vibrational spectroscopy [23]
(SFVS) that was shown to be capable of independently probing the
structures of the two leaﬂets of solid supported lipid bilayers as wellas their interactions with various materials of biological relevance [24]
including antimicrobial peptides [25,26]. In order to study the effects
of dendrimers on both leaﬂets of the bilayer membrane with SFVS, we
prepared two types of DPPC-d62/DPPG bilayers. In the ﬁrst type, a
DPPC-d62 monolayer leaﬂet was ﬁrst transferred to the prism using
the Langmuir–Blodgett method, followed by the transfer of a DPPG
monolayer leaﬂet by the Langmuir–Schaefer technique. In this type of
bilayer (DPPG proximal), the sum-frequency ssp vibrational spectra of
the DPPG leaﬂet in contact with the water was determined. In the
second type (DPPGdistal) the ordering of the two leaﬂetswas the oppo-
site, therefore the leaﬂet away from the water was probed. In the SFVS
spectrum of a DPPC-d62 monolayer only one band, at ~2960 cm−1
assigned to CH stretches of the choline headgroup [27] is observed in
the 2800–3000 cm−1 spectral region. As this band is much weaker
than those arising from the alkyl chain CH stretches of phospholipid
monolayers, we can assign the strong bands between 2800 and
3000 cm−1 in our spectra of the bilayers to the alkyl chains of DPPG.
These bands are assigned [28] to the methyl symmetric stretch (r+)
mode at 2874 cm−1, its Fermi resonance (r+FR) at 2932 cm−1 and the
two components of the methyl antisymmetric stretch mode (r−) at
2954 and 2962 cm−1 [29]. The methylene stretches are found at
2855 cm−1 (d+ mode) and ~2900 cm−1 (d+FR mode). In the
3000–3700 cm−1 range the spectral features arise from the OH stretches
of water [30].
Interactions with G5-NH2 resulted in signiﬁcant changes in the
spectra of both types of bilayer (Fig. 1d), while ﬂushing the dendrimer
from the chamber with water did not signiﬁcantly alter the spectra,
suggesting that the changes in themembrane structure are irreversible.
The most evident change is the reduction of the intensities of the OH
bands (between 3000 and 3700 cm−1), but signiﬁcantly altered CH
band contours in the 2800–3000 cm−1 spectral region are also ob-
served (see Table S1 in the SupportingMaterial). Analysis of the spectra
shows a change of the signs of the OH amplitudes indicating that the
G5-NH2 induces a charge reversal for both types of bilayer.
Additionally, themethyl antisymmetric to symmetric stretch amplitude
ratios are altered for both types of bilayer, implying changes in the tilt
angles of the phospholipid alkyl chains [31]. In summary, application of
G5-NH2 resulted in measurable changes in the structure of both leaﬂets
of lipid bilayers.
3.2. PAMAM G5 dendrimer forms Na+ speciﬁc ion channels in neuronal
membranes
Furthermore we investigated the ion speciﬁcity of the presumed
dendrimer-generated ion channel. Ionic currents ﬂowing across the
neuronal membrane can be separated in patch clamp experiments
by changing the holding potential. Clamping the membrane potential
at the Cl− reversal potential of−40 mV isolates cationic (Na+ and/or
Ca2+) currents, while cell clamping at 0 mV, the reversal potential of
Na+ and Ca2+ isolates the Cl− current. G5-NH2 induced only a minor
effect on the inward Cl− current at 0 mV holding potential (Fig. 2a).
At −40 mV holding potential, however, application of G5-NH2 but
not G4.5-COONa caused a dramatic increase in the inward cationic cur-
rent after 10–20 min of application (Fig. 2b, 769 ± 479 pA, n = 5, G5
vs. control: p = 0.0428, Mann–Whitney test). To identify the cation(s)
carrying this giant current, G5-NH2 was applied in low-[Na+] or
low-[Ca2+] buffers to prevent inward Na+ or Ca2+ currents. We
found that G5-NH2 induced giant cationic currents were almost
completely eliminated in the low-[Na+] buffer, but remained intact in
low-[Ca2+] buffer (Fig. 2b), demonstrating that Na+ ions carry the in-
ward charge ﬂowing through the G5-NH2 induced channel. To further
assess the ion speciﬁcity of the channel we investigated whether K+
can ﬂow through the channel from the intracellular compartment to
outside the cell. We measured the current–voltage characteristics of
K+ currents in neurons in a reduced-[Na+] buffer containing only
21 mM NaHCO3. We found that G5-NH2 did not increase outward K+
Fig. 2. G5-NH2 forms Na+ selective artiﬁcial ion channel in the membrane of living pyramidal neurons. a, Inward Cl− currents measured at 0 mV holding potential in the presence of
G4.5-COONa and G5-NH2 dendrimers (100 μg/ml) in extracellular solution containing physiological ion concentrations. Average current in the presence of G5-NH2:−70 ± 37 pA.
b, Left: Inward cationic currents measured at −40 mV holding potential in the presence of G4.5-COONa and G5-NH2 dendrimers (100 μg/ml) in extracellular solution containing
physiological concentration of ions (green, red) and in low-[Ca2+] (purple) and low-[Na2+] media (blue). Average currents and signiﬁcance vs. control in the presence of G5-NH2:
769 ± 479 pA (p = 0.0428, physiological ion concentrations); 117 ± 72 pA (p = 0.2963, low-[Na+] buffer); 752 ± 378 pA (p = 0.0304, low-[Ca2+] buffer). Signiﬁcance of G5 in
physiological buffer vs. G5 in low-[Ca2+] buffer: p = 0.1113. Right: Average change in inward currents during control conditions, in theﬁrst 10 and 10–20 min of G5-NH2 application and
washout in physiological (red), low-[Ca2+] (purple) and low-[Na2+]media (blue). Signiﬁcant differences from control are given at p b 0.05 (asterisks). c, Current–voltage plot of outward
K+ currents after 10 min and 20 min of G5-NH2 application measured in a reduced-[Na+] buffer in the presence of antagonists of the major Na+ and Cl− permeable neurotransmitter
receptors. Maximum currents and signiﬁcance vs. control in the presence of G5-NH2, measured at 50 mV: 2337 ± 301 pA (control); 2010 ± 286 pA (p = 0. 0.5974, 10 min G5);
1848 ± 323 pA (p = 0.82053, 20 min G5). All signiﬁcance values were calculated using Mann–Whitney test.
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is not penetrable for K+ ions.
The most prominent change in the electrical properties of neuronal
cell membranes in the presence of dendrimers is the appearance of
the giant inward currents induced by G5-NH2. The maintenance of the
giant currents even when the G5-NH2 dendrimer was removed from
the extracellular buffer demonstrates that G5-NH2 strongly interacts
with the membrane and consequently supports the hypothesis that
G5-NH2 incorporates into the membrane and forms some sort of con-
ductive channel. Importantly, incorporation of the G5-NH2 dendrimer
into the membrane creates a Na+ selective conductance, rather than a
non-speciﬁc pore. By separating cation- and anion-selective current
components we showed that the giant inward current evoked by
G5-NH2 is attributed to an emerged, selective Na+ conductance.
3.3. PAMAM G5 dendrimer effectively kills E. coli bacteria
Membrane disruption and introduction of an ion channel in the
membrane bilayer and loss of membrane potential thereupon offerthe possibility to combat infecting bacteria, especially those that are
resistant to present day antibiotics. To explore the potential of
G5-NH2 as an antibiotic agent we measured its antibacterial activity
against E. coli cultures. The cultures were incubated with G5-NH2 in
1, 10 and 100 μg/ml concentrations at 37 °C, 250 rpm and were sam-
pled at 1, 2, 4, 6, 8 and 16 hours for cell viability assays (Fig. 3a, top).
Importantly, G5-NH2 killed the bacteria much more quickly than con-
ventional antibiotics do [32]. There was no E. coli growth observed in
the presence of 10 μg/ml G5-NH2 even after 1 hour, probably due to
the quick formation of the ion channel. We have also determined
the minimum inhibitory concentration (MIC) by incubating the cells
for 30 min in various concentrations of G5-NH2. After the incubation
period, the cells were cultured at 37 °C and the optical density at
600 nm that is proportional to the number of bacteria in the sample
was determined. Antibacterial activity exhibits a sharp sigmoidal con-
centration dependence most likely associated with the dissipation of
the electrochemical gradient across the bacterial cell membrane and
subsequent cell growth arresting processes [33]. The MIC value was
found to be 7.7 μg/ml (Fig. 3a, bottom) in good agreement with
Fig. 3. G5-NH2 speciﬁcally kills E. coli bacteria while showing no toxic effect on red
blood cells. a, Top: Suppression of bacterial growth by G5-NH2. E. coli was treated
with the indicated concentration of dendrimer in LB broth at 37 °C, 250 rpm for 30 min.
Bacterial growth was monitored by the measurement of optical density at 600 nm. Initial
OD600 was ~0.2 corresponding to early logarithmic phase. Bottom: Bacterial growth at
various concentration of PAMAM-G5-NH2. E. coli was initially grown overnight in 5 ml
LB broth and diluted into fresh LB medium to give a starting OD600 of ~0.2. Dendrimer
solutions were added to growth cultures to give a ﬁnal concentration of 1, 10 and
100 μg/ml. The control sample contained no dendrimer solution. Bacterial growth was
monitored at 37 °C, 250 rpm by measuring the optical density at 600 nm. b, Viability of
red blood cells as measured by their hemoglobin content in the presence of G5-NH2.
Red blood cell preparation was incubated by 10 or 100 μg/ml G5-NH2 for 30 min at
37 °C in physiological saline (150 mM Na+) or in saline containing 150 mM KCl instead
of 150 mMNaCl. 100% hemolysis was achieved by treating the red blood cell preparation
with distilled water (osmotic shock).
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Staphylococcus aureus [34]. It is to note that the observedMIC value is
ten times lower than the concentration applied in the neuronal
studies.
Although effective drugs have been developed against nearly all
clinically relevant bacteria [35], the continuous evolution of these
life-threatening pathogens endlessly recreates the need for further
costly drug development [36]. Unfortunately, no fundamentally newantibiotics have been introduced into the market in the last decades,
thus we need new tools in the battle against multidrug resistant path-
ogens [37]. In contrast to the currently used antibiotics that target cell
wall biosynthesis, protein synthesis or DNA replication of bacterial cells
and kills them in the medium- and long-term [38], gramicidin, the ﬁrst
clinically used antibiotic [39] also acts by forming Na+-selective pores
in the cell wall. Although it is still widely used against a broad range
of bacteria including highly antibiotic-resistant strains, its application,
is heavily restricted due to its hematotoxic effect that prevents systemic
administration and conﬁnes its usability to topical therapy. Therefore, it
may be of crucial importance whether G5-NH2 shares these adverse
effects. To test the hemolytic activity of G5-NH2 we incubated it in 10
and 100 μg/ml concentrations with isolated rat red blood cells at
30 °C for 30 min andmeasured the release of hemoglobin that indicates
membrane disruption and cell death. Importantly, G5-NH2 did not in-
duce hemolysis neither in physiological nor in low-[Na+]/high-[K+]
media (Fig. 3b) even in the 10×MIC concentration (100 μg/ml), dem-
onstrating its potential as a new generation antibiotic agent [40]. It is
worth noting that, despite the differential effect of G5-NH2 on bacterial
and red blood cells, neuronal cells were also heavily affected by G5-NH2
application. Therefore neurotoxicity [11] should be carefully addressed
in further studies before considering G5-NH2 as an anti-resistant
antibiotics.3.4. Proposed scheme for PAMAM G5-NH2 membrane insertion and
channel formation
To elucidate the ability of G5-NH2 to form Na+-speciﬁc channels in
biological membranes, we addressed the mechanism of G5-NH2 incor-
poration. Since the negatively charged G4.5-COONa dendrimer did not
exhibit alterations in the membrane permeability we propose that the
ﬁrst step in the dendrimer–lipid interaction is the adherence of the
dendrimer to the cell surface due to electrostatic attractions between
the negatively charged lipid head groups and the cationic functional
groups of the dendrimer. As the inner structure of the dendrimer is
composed of polar, hydrophilic groups, it is a plausible hypothesis that
small ions like Na+ ion can ﬂow through the dendrimer itself. The
density of higher generation dendrimers, however, makes this hypoth-
esis less attractive as even G2 and G3 PAMAM dendrimers were shown
to inhibit, rather than enhance ion channel currents by 25% and 45%,
respectively [41]. Moreover, cationic G2-NH2 and G3-NH2 dendrimers
inside a transmembrane protein pore have been shown to be selective
for anions, not cations [42]. Therefore, it is highly unlikely that Na+ ion
ﬂow through G5-NH2 itself can account for the observed giant Na+
currents.
SAXS and TEM measurements showed evidence that interaction
between G5-NH2 and model lipid systems results in the reorganization
of the lipid phase by orienting lipid head groups to the surface of the
cationic dendrimer. Such interaction can bring forth to the formation
of excess curvature in genuine cell membranes as it was demonstrated
by NMR studies [7] andmolecular dynamics calculations [6]. To explain
our ﬁndings, we propose a model for the emergent membrane/
dendrimer self-organization (Fig. 4A). We suggest that a hydrophilic
channel is formed around the dendrimer molecule by the positively
charged amine groups of the dendrimer and the negatively charged
functional groups in the head region of the membrane lipids. Within
the hydrophilic channel, the stronger counter cation Na+ ion with its
ionic radii 1.02–1.07 Å [42] can easily replace cationic amino groups
of G5-NH2. Molecular modeling supports the energetic feasibility of
this nanoscale mechanism as three distinguishable Na+ ion positions
along the hydrophilic channel could be identiﬁed that form a passage
through which Na+ can permeate the membrane (Fig. S2). The pro-
posed mechanism, therefore, allows robust inward ﬂow of Na+ along
with its concentration gradient explaining the high conductivity of the
artiﬁcial ion channel.
Fig. 4. Schematic representation of the Na+ ion permeable channel formed by G5-NH2 embedded in cell membranes. Embedding occurs via multiple polar interactions between the
cationic amine groups in the shell region of the dendrimer and the anionic carbonyl groups of membrane lipids. The scale of the dendrimer molecule and the lipid bilayer is proper,
but the polar groups are enlarged for clarity.
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Our experimental whole-cell patch clamp data clearly demonstrate
that PAMAM G5 dendrimers form highly permeable Na+ selective
channels in the membrane of living cells. Small angle X-ray scattering,
freeze-fracture transmission electron microscopy and infrared-visible
sum frequency vibrational spectroscopy measurements as well as
molecular modeling conclusively support the feasibility of channel for-
mation. The resultant channel allows robust Na+ ﬂux into the cell that
results in severe neurotoxicity limiting the application of PAMAM
dendrimers as drug delivery tools but also offers the possibility of utilizing
this unique artiﬁcial channel forming agent as a new generation
antibiotics.
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